This study examines auditory brainstem responses ͑ABR͒ elicited by rising frequency chirps. The time course of frequency change for the chirp theoretically produces simultaneous displacement maxima by compensating for travel-time differences along the cochlear partition. This broadband chirp was derived on the basis of a linear cochlea model ͓de Boer, ''Auditory physics. Physical principles in hearing theory I,'' Phys. Rep. 62, 87-174 ͑1980͔͒. Responses elicited by the broadband chirp show a larger wave-V amplitude than do click-evoked responses for most stimulation levels tested. This result is in contrast to the general hypothesis that the ABR is an electrophysiological event most effectively evoked by the onset or offset of an acoustic stimulus, and unaffected by further stimulation. The use of this rising frequency chirp enables the inclusion of activity from lower frequency regions, whereas with a click, synchrony is decreased in accordance with decreasing traveling velocity in the apical region. The use of a temporally reversed ͑falling͒ chirp leads to a further decrease in synchrony as reflected in ABR responses that are smaller than those from a click. These results are compatible with earlier experimental results from recordings of compound action potentials ͑CAP͒ ͓Shore and Nuttall, ''High synchrony compound action potentials evoked by rising frequency-swept tonebursts,'' J. Acoust. Soc. Am. 78, 1286-1295 ͑1985͔͒ reflecting activity at the level of the auditory nerve. Since the ABR components considered here presumably reflect neural response from the brainstem, the effect of an optimized synchronization at the peripheral level can also be observed at the brainstem level. The rising chirp may therefore be of clinical use in assessing the integrity of the entire peripheral organ and not just its basal end.
INTRODUCTION
It is generally assumed that the conventional auditory brainstem response ͑ABR͒ is an electrophysiological event evoked by onset of an acoustic stimulus. Whether the stimulus is an acoustic click, tone pip, tone burst, or noise burst, the ABR is assumed to be effectively evoked by the first few milliseconds of the stimulus, and is generally unaffected by further stimulation ͑e.g., Hecox et al., 1976; Kodera et al., 1977; Debruyne and Forrez, 1982; Gorga and Thornton, 1989; Van Campen et al., 1997͒ . Because of its abrupt onset, the acoustic click is often thought to be an ideal stimulus for eliciting a detectable ABR. Clicks or impulsive stimuli are also used under the assumption that their wide spectral spread, inherent in transient signals, elicits synchronous discharges from a large proportion of cochlear fibers ͑e.g., Kodera et al., 1977; Gorga and Thornton, 1989; van der Drift et al., 1988a Additionally, it is generally observed that if a longduration tone burst ͑Ͼ8 ms͒ is employed, a second response can be evoked at stimulus offset. This offset response resembles onset ABR morphology and occurs within 8 ms after stimulus offset. It has been termed ''offset ABR'' or ''off potential of the brainstem '' ͑Kodera et al., 1977; Brinkman and Scherg, 1979͒. When a transient stimulus progresses apically along the basilar membrane ͑BM͒, single-unit activity is less synchronous with the preceding activity from basal units ͑Tsuchitani, 1983͒ because of temporal delays imposed by the traveling wave. This results in an asynchronous pattern of auditorynerve-fiber firing along the length of the cochlear partition. In addition, it is likely that activity generated from the single units in more synchronous basal regions would be out of phase with activity from some apical units. As a consequence, the combination of phase cancellation and loss of synchronization bias the evoked potential to reflect activity from more basal, high-frequency regions of the cochlea ͑e.g., Neely et al., 1988͒. More evidence about the interaction between basilarmembrane dispersion and the synchrony of neural responses can be derived from studies on the compound action potential ͑CAP͒ which represents auditory-nerve activity. When stimulated with a click, only auditory-nerve units tuned above 2-3 kHz contribute to synchronous activity in the N 1 P 1 complex ͑Dolan et al., 1983; Evans and Elberling, 1982͒ . In order to determine if cochlear units tuned below 2-3 kHz could be recruited into the CAP response, Shore and Nuttall ͑1985͒ used tone bursts of exponentially rising frequency to hypothetically activate synchronous discharges of VIIIth-nerve fibers along the length of the cochlear parti- tion. Their equations defining the frequency chirps were calculated to be the inverse of the delay-line characteristic of the guinea pig partition. Shore and Nuttall ͑1985͒ recorded CAPs in response to the rising chirp and compared them to CAP waveforms evoked by corresponding falling chirps as well as clicks. Their analysis of the CAP waveforms showed narrower N 1 widths and larger N 1 and P 1 amplitudes for rising sweeps when compared to falling sweeps. Their results supported the hypothesis underlying the derivation of the rising sweep: spectral energy with the appropriate temporal organization, determined by basilar-membrane traveling wave properties, increases CAP synchrony. In a later study, Shore et al. ͑1987͒ provided evidence that the timing of discharges in the ventral cochlear nuclei ͑VCN͒ reflects cochlear partition motion as demonstrated for VIIIth-nerve fibers and inner hair cells ͑Brugge et al., 1969; Geisler et al., 1984; Rose et al., 1971; Russell and Sellick, 1978; Sellick et al., 1982͒. However, unlike VIIIth-nerve fibers, responses of VCN neurons to rapid frequency sweeps were more complex, showing directional preferences.
The present paper followed the same strategy of generating an ''optimized'' stimulus causing maximal synchronous activation at the level of the VIIIth nerve, but deals with brainstem recordings in human subjects. The latencies of the brainstem potentials can be separated into mechanical and neural components. The mechanical component is due to mechanical BM travel time, and varies with intensity and frequency in an orderly manner, while the remaining neural component is assumed to be independent of both intensity and frequency ͑e.g., Neely et al., 1988͒ . We attempted to compensate for the frequency-dependent mechanical component in order to increase synchrony at a peripheral level, which may also lead to increased synchrony at higher stations in the brainstem. Our question was whether such a stimulus would be appropriate and effective for ABR recordings. Of course, there is a large difference between events in single-unit electrical fields, and the signals which are recorded by electrodes which are remote from the neural sources. Single-unit electrical fields are rapidly attenuated in the extracellular space and are unmeasurable at more than a few millimeters distance. Also, the effectiveness of neural centers as dipole generators producing a detectable far-field response depends on the number of involved neural sources and on morphological features such as dendritic orientation. However, the mechanical component of BM travel time should affect single-unit electrical-field responses and whole ensemble far-field responses in a similar way. Hence, the time-frequency distribution of a stimulus can be expected to have a distinct effect on ABR.
ABRs elicited by broadband, frequency-sweeping stimuli are compared with click-evoked responses. The underlying chirp stimulus was generated on the basis of the ͑linear͒ basilar-membrane model by de Boer ͑1980͒.
I. THE CHIRP STIMULUS
The equations describing the stimulus were derived based on the following considerations: ͑i͒ Since the mechanical properties of the cochlear partition result in a spatial separation of frequency components of an acoustic signal, the desired stimulus must have a wideband frequency spectrum to excite a maximal number of nerve fibers ͑see also Shore and Nuttall, 1985͒ . ͑ii͒ Since there is also a temporal dispersion of displacement maxima along the cochlea partition, the temporal spacing of frequency components of the wideband signal must be adjusted to provide maximum synchrony of discharge across frequency. A low-frequency tone requires more time to reach its place of maximum displacement, near the apex of the cochlea, than does a higherfrequency tone that elicits a maximum closer to the base. The idea is to generate a stimulus in which the high-frequency components are delayed relative to the low-frequency components by an appropriate amount. This should produce synchronous displacement maxima and neural discharges resulting from all frequency components. The acoustic signal must therefore be a rising frequency chirp. The time course of the chirp developed in the present study is determined by the traveling-wave velocity along the partition as derived by de Boer ͑1980͒, and the functional relationship between stimulus frequency and place of maximum displacement ͑Green-wood, 1990͒.
De Boer ͑1980͒ developed a cochlear model in which-as physical simplifications-he assumed that the fluids of the canals around the basilar membrane would be incompressible and that all viscosity effects were negligible. All movements were assumed to be so small that the fluid as well as the BM operate linearly. All time-dependent variables were considered to vary as e it , with representing radian frequency. Since the dynamics of the BM is certainly nonlinear, in some conditions this linear approach must be considered as a first-order approximation. It was further assumed by de Boer ͑1980͒ that various parts of the BM are not mechanically coupled to each other and that all coupling occurs via the surrounding fluid. De Boer described the mechanics of the cochlear partition by a single function of the coordinate x, the impedance (x), which is dominated by a stiffness term c(x)/i. The fluid movements in the other two directions were assumed not to contribute to the mechanical pattern of movement of the cochlear partition.
The wave equation for the hydromechanical problem was then given by
with (x) as the wave function, h(x) as the ''effective'' height of the scala, and the density . The impedance is the critical factor and is composed of three parts, a mass part, a resistance part, and a stiffness part,
The mass term m(x) does not depend much on x in the cochlea, but the stiffness c(x) varies over a large range as a function of x ͑e.g., Békésy, 1960͒. It is assumed in the following that only stiffness contributes to (x), while mass and resistance r(x) are neglected. Due to the variations of the stiffness, the velocity of propagation depends strongly on x. The stiffness was shown to be mainly responsible for the occurrence of traveling waves propagating along the cochlear partition. 
The speed of propagation is generally given by ␥(x) ϭ/k(x). The exact expression for the exponential model therefore is
This expression shows dispersion with respect to frequency since ␥ is dependent on .
The above equations are used in the present paper to generate the chirp stimulus that compensates dispersion on the BM. The propagation time t (x) needed to arrive at the place of resonance x is given by
For the frequency-place transformation, the mapping proposed by Greenwood ͑1990͒ was used,
with aϭ0.006 046 Hz Ϫ1 , c ϭ16.7 mm, cϭc /ln 10, and L ϭ34.85 mm representing BM length. It follows that
͑10͒
Using the variable transformation t→t 0 Ϫt, and with ª(4/␣)ͱ2/hC 0 e (␣/2)L , the function tϭt( f ) for the ''optimal'' input frequency ϭ2 f is given by
͑11͒
From this relation, the inverse function f (t)ϭt Ϫ1 ( f ) was derived numerically. This function for the change of the instantaneous frequency was then temporally reversed and integrated over time to derive the instantaneous phase ϭ2͐ 0 t f (tЈ)dtЈ of the resulting chirp, which has the general form s(t)ϭA(t)sin((t)Ϫ(t 0 )). This is referred to as the ''exact chirp'' throughout this paper ͑cf. If one uses only an asymptotic expression for the propagation constant, namely k(x)ϷD 0 e ␣x/2 , the speed of propagation results in ␥(x)Ϸͱ(hC 0 /2)e Ϫ␣x/2 , which is independent of so that there is no dispersion with respect to frequency. The asymptotic expression agrees well with the exact one for frequencies higher than about 5 kHz ͓for details, see de Boer ͑1980͒, p. 147͔. For lower frequencies, some small deviations occur for low x-values, i.e., near the cochlear windows. In this region, the asymptotic expression does not hold true any more; however, the extent of this effect is not very large. For the asymptotic case, the instantaneous frequency f (t)ϭt Ϫ1 ( f ) can be easily derived analytically. With
and Eq. ͑6͒, the travel time t( f ) to the resonance place x( f ) is directly given by
With t→t 0 Ϫt, and ␤ª2/␣ͱ2/hC 0 , the function f (t) is given by
ͪ .
͑14͒
From this, the instantaneous phase and the resulting chirp s(t) can easily be derived as above. This is referred to as the ''approximated chirp'' in the rest of this paper ͑cf. Fig. 1 , upper panel, dotted curve͒.
II. METHOD

A. Subjects
Ten normal-hearing subjects ͑audiometric thresholds 15 dB HL or better͒ with no history of hearing problems were chosen: two females and eight males. The subjects were between 21 and 35 years of age, and were either paid or volunteered for the experiment.
B. Apparatus
The experiments were carried out with a PC-based computer system which controlled stimulus presentation and recording of evoked potentials. A DSP card ͑Ariel DSP32C͒ converted the digitally generated stimulus ͑25 kHz, 16 bit͒ to an analog waveform. The output of the DSP card was connected to a digitally controlled audiometric amplifier, which presented the stimulus through an insert earphone ͑Etymotic Research ER-2͒ to the subject.
Electroencephalic activity was recorded from the scalp via silver/silver chloride electrodes, attached to the vertex ͑positive͒ and the ipsilateral mastoid ͑negative͒. The forehead served as the site for the ground electrode. Interelectrode impedance was maintained below 5 k⍀. Responses were amplified ͑80 dB͒ and bandpass filtered ͑95-1640 Hz, 6 dB/oct͒ with a commercially available ABR preamplifier ͑Hortmann Neurootometrie͒.
1 Extra amplification ͑Kemo VBF/40͒ was used to reach the optimum range for the A/D converter. This amplification was in the range from 10 to 16 dB, resulting in a total amplification of 90-96 dB. The amplified signal was digitized by the DSP card ͑25 kHz, 16 bit͒, which also performed artifact rejection and signal averaging.
Responses were recorded for 26 ms following the stimulus onset.
C. Stimuli and procedure
Broadband chirps as described in Sec. I were used as stimuli. The chirps started and ended with zero amplitude. If not explicitly stated otherwise, no windowing was applied to the stimuli. Chirp-evoked potentials were compared with click-evoked responses. The click had a duration of 80 s.
The upper panel of Fig. 1 shows the waveforms of the exact ͑solid curve͒ and the approximated chirp ͑dotted curve͒, both derived in Sec. I. The stimuli have a flat temporal envelope. Since the value for the speed of propagation ␥ for lower frequencies is lower for the exact chirp ͑at places near the cochlear windows͒, it has a slightly longer duration ͑10.52 ms instead of 10.48 ms for the approximated chirp͒. Since for both chirps the instantaneous frequency changes slowly at low frequencies relative to the changes in the highfrequency region, their spectra are dominated by the low frequencies. This is shown in the lower panel of Fig. 1 ͑solid curve͒. The ͑acoustic͒ magnitude spectrum decreases continuously with increasing frequency. The dashed curve in the lower panel indicates the spectrum of a modified chirp which is used later in the study. This modified chirp has a flat amplitude spectrum corresponding to that of the click ͑dotted curve͒, while the phase characteristic is the same as that of the original ͑exact͒ chirp. The spectra were obtained ͑at the same sensation level of the stimuli͒ by coupling the ER-2 insert earphone to a Brüel and Kjaer ear simulator ͑type 4157͒ with a 1/2-in. condenser microphone ͑type 4134͒, a 2669 preamplifier, and a 2610 measuring amplifier. The spectra were obtained from fast Fourier transforms ͑FFTs͒ of Middle panel: Waveform of a modified chirp referred to as ''flat-spectrum chirp'' whose phase characteristic is the same as that of the original ͑exact͒ chirp. Bottom panel: Acoustic spectra of chirp ͑solid curve͒, click stimulus ͑dotted curve͒, and flat-spectrum chirp ͑dashed curve͒, as used in the present study ͑for details, see text͒.
100-trial time-domain averages of the stimulus over an analysis time of 64 ms using a sampling rate of 25 kHz ͑Stanford Research Systems SR780͒. The waveforms were not windowed prior to FFT. The middle panel of Fig. 1 shows the corresponding temporal waveform of the modified chirp, referred to as the ''flat-spectrum chirp'' throughout this paper. This stimulus starts with very small amplitudes at low frequencies and increases nonlinearly in amplitude with time.
The subject lay on a couch in an electrically shielded, soundproof room, and electrodes were attached. The subject was instructed to keep movement at a minimum, and to sleep if possible. The lights were turned out at the beginning of the session. Each session lasted between one and two hours, depending on the subject's ability to remain still. The ear of stimulation was chosen randomly, i.e., for each subject one ear was chosen and then maintained. The acoustic signals were delivered at a mean repetition rate of 20 Hz for all stimulus conditions. A temporal jitter of Ϯ2 ms was introduced to minimize response superimposition from preceding stimuli. Thus the resulting interstimulus interval ͑ISI͒ was equally distributed between 48 and 52 ms. Each trial consisted of 1000 to 4000 averages, depending on the quality of the response. For each stimulus condition, two independent trials were stored in separate buffers. These are illustrated as superimposed waveforms in the figures to show response replicability.
First, to determine the sensation level ͑SL͒ of both the click and the chirp stimulus, the absolute hearing thresholds were measured individually with an adaptive 2AFC procedure. At the beginning of each ABR recording session, the first trial was a 60-dB SL presentation of a stimulus. Then intensity was decreased in steps of 10 dB down to 10 dB SL. At the same sensation level, chirp and click represent nearly the same root-mean-square ͑rms͒ value ͑if calculated across the same temporal interval of 10.5 ms͒.
Wave-V ͑peak-to-peak͒ amplitude was analyzed in the different stimulus and level conditions. The amplitude was measured from the peak to the largest negativity following it.
For each stimulus and level condition, wave-V amplitude was averaged across subjects. A Wilcoxon matched-pairs signed-rank test ͑␣ϭ0.05͒ was used to verify whether the response amplitude differed significantly for the two stimuli.
Throughout the present paper, responses are plotted for one exemplary subject ͑CR͒. Average data for the wave-V amplitude are given in a summary figure ͑Fig. 3͒. Figure 2 shows the ABR for subject CR obtained with a click ͑left panel͒ and a rising broadband chirp ͑right panel͒, respectively. Responses for different stimulus levels are shown on separate axes displaced along the ordinate and labeled with the sensation level ͑dB SL͒. For the click stimulus, the abscissa represents recording time relative to click onset. In the case of the chirp stimulus, a dual abscissa is used representing recording time relative to stimulus onset and offset. Wave-V peak is marked by small vertical bars for both stimuli. It can be seen in the figure that the wave-V latencies for the two stimuli, relative to stimulus onset, are shifted by the duration of the chirp stimulus which equals 10.5 ms. Thus the latency values relative to stimulus offset are the same in both conditions. The key observation is that the wave-V amplitude is typically larger for chirp stimulation than for click stimulation. For subject CR, the difference is large at stimulation levels of 10-40 dB SL, but is less pronounced at 50 dB SL. At 60 dB SL, for this subject, the click response is slightly larger than the chirp response. At the two highest stimulation levels, earlier activity in response to the chirp becomes visible with a first response peak at about 8-9 ms after chirp onset. These observations at high levels are probably due to cochlear upward spread of excitation, a well-known phenomenon from many other studies in this field. At high levels, the early low-frequency energy in the chirp stimulates basal regions and produces a response. Figure 3 shows the wave-V amplitude obtained with different stimuli, including the chirp ͑filled boxes͒ and the click ͑filled circles͒, averaged across subjects. Amplitude values are plotted as a function of stimulation level. Wave-V amplitude was significantly larger ͑pϽ0.05; Nϭ10͒ for the chirp than for the click, for the levels of 20-40 dB SL. For 50 and 60 dB SL, the average wave-V amplitude was still larger for the chirp than for the click, but the difference was not significant (pϾ0.05). For the lowest stimulation level, 10 dB SL, four of the subjects showed no clear wave-V peak in either the chirp or in the click condition. The number of the remaining subjects was too small to reveal a significant difference in the ABR.
III. RESULTS
A. Click-versus chirp-evoked potentials
B. Exact versus approximated chirp
On the basis of the exponential model ͑de Boer, 1980͒ reviewed in Sec. I, the exact solution and a relatively simple approximation for the generation of a stimulus compensating BM dispersion were derived ͑see Fig. 1͒ . The question is whether the difference in the time course of the two stimuli is of relevance for the corresponding evoked brainstem potentials. Figure 4 shows ABR for subject CR elicited by the exact chirp ͑left panel͒ and by the approximated chirp ͑right panel͒. The stimulation level ranged from 10 to 40 dB SL in each case. The potentials are almost identical in both conditions. The average data across subjects for the approximated chirp are indicated as open boxes in Fig. 3 . Wave-V amplitude does not differ significantly between the two stimuli for all levels ͑pϾ0.05; Nϭ6͒.
C. Stimulation with ramped chirps
It could be argued that the relatively abrupt offset of the chirp is responsible for the generation of wave-V amplitude. Although such an argument would not explain the observation of an increased amplitude compared to the click response, a chirp stimulus was generated with sufficiently long ramps to preclude the possibility that purely onset-and offset effects are responsible for wave-V amplitude generation. A rise time of 3 ms and a fall time of 0.5 ms were applied. 2 Figure 5 shows the corresponding ABR recordings for subject CR ͑solid lines͒. In addition, the corresponding data with the exact chirp without ramps are replotted in the figure and indicated as dotted lines. In comparison with the original chirp without ramps, there is only a slight decrease in amplitude for this subject. This is most likely due to the attenuation of frequencies higher than about 6 kHz that normally also contribute to the generation of wave-V amplitude. Note, however, that the overall level of the ramped chirp had to be increased by 2 dB to yield the same sensation level. Average data across subjects obtained with the ramped chirp are indicated in Fig. 3 ͑open diamonds͒. Like the original chirp without ramps, the ramped chirp elicits a significantly larger amplitude ͑pϽ0.05; Nϭ10͒ than the click for the stimulation levels 20-40 dB SL. The difference is not significant for 10 dB SL.
All results taken together show that wave-V amplitude is increased when a rising broadband chirp is used instead of a click. This is the case although the duration of the chirp is about 10 ms, which is a factor of 125 longer than the click duration. This result is in contrast to the generally accepted view in the literature that the conventional ABR is an electrophysiological event only evoked by onset or offset of an acoustic stimulus.
D. Effects of direction of frequency sweeping
If the argument holds that the ''optimized'' temporal course of the frequency sweeping is responsible for maximal synchronization, then a temporally reversed broadband chirp should yield a smaller response amplitude. The reversed chirp starts with high frequencies and sweeps nonlinearly in time toward low frequencies. The onset is therefore much steeper than that of the original chirp, so that one should expect a larger response if ABR is determined by the steepness of the stimulus onset. The magnitude spectra of the reversed chirp and the original chirp, of course, are identical. Figure 6 ͑left panel͒ shows the ABR for the reversed chirp ͑subject CR͒. For comparison, the right panel of Fig. 6 shows the ABR elicited by the rising chirp, for the same range of stimulation levels ͑10-40 dB SL͒, replotted from Fig. 2 . It is apparent from the figure that in the case of the falling chirp, wave-V amplitudes are generally much smaller than those obtained with the rising chirp. The responses are also considerably smaller than those elicited by the click ͑see Fig. 2͒ .
The average data for the reversed chirp are indicated as filled downward triangles in Fig. 3 . Wave-V amplitude is significantly smaller ͑pϽ0.05; Nϭ10͒ for the reversed chirp than for the rising chirp ͑filled boxes͒ for all stimulation levels 10-40 dB SL. The reversed-chirp amplitude was also significantly smaller than the click response ͑filled circles͒ for the levels 20-40 dB SL ͑pϽ0.05; Nϭ10͒, while the difference was not significant for 10 dB SL.
However, because of the long duration of the chirp ͑10.52 ms͒, the response to the early ͑high-frequency͒ part may interfere with responses to the later ͑low-frequency͒ part of the stimulus. For this reason, a further experiment was run with a shorter chirp ͑3.92 ms͒, whose spectrum stretches from about 0.45 to 10.4 kHz ͑in contrast to 0.1 to 10.4 kHz as before͒. Figure 7 shows, for subject CR, the brainstem potentials evoked by the falling chirp ͑left panel͒ in comparison with the corresponding rising chirp ͑right panel͒. As in Fig. 6 , the amplitude of wave V is much smaller in the case of stimulation with the falling chirp than with the rising chirp. Note that the responses evoked by the two reversed chirps ͑from Figs. 6 and 7͒ are almost identical, whereas the responses evoked by the two rising chirps differ to some extent. The average data for the 0.45-10.4 kHz chirp are indicated as open downward triangles in Fig. 3 . There is no significant difference in wave-V amplitude between the two chirps for 10 dB SL. However, for the levels 20-40 dB SL, the amplitude is significantly larger ͑pϽ0.05; Nϭ6͒ for the 0.1-10.4 kHz chirp than for the 0.45-10.4 kHz chirp. This difference in wave-V amplitude directly reflects the contribution of the low-frequency components ͑100-450 Hz͒ to the ABR in the case of the rising chirp.
These results are compatible with the hypothesis that compensation of travel time differences across frequency causes an optimal synchronization, whereas the reversed stimulation leads to a less effective activation ͑although the onset of the reversed chirp is much steeper than that of the rising chirp͒. Falling sweeps probably produce sequential activation of high-frequency fibers followed by low-frequency fibers. This may lead to a desynchronized neural activation at the brainstem level, as implied by the results of Shore and Nuttall ͑1985͒ at the level of VIIIth nerve and CN. In ''farfield'' recordings as considered in the present study, the observed effects may also be reflected by phase cancellation of the potentials due to superimposition of wave V from one frequency and wave V from another frequency ͑e.g., Scherg and von Cramon, 1985, see discussion͒.
E. Effects of spectral composition
It is not clear which spectral shape is optimal for broadband stimulation. It is also not clear how and at which level integration across frequency is realized in the auditory system. Hence, it may be argued that the observed differences between responses evoked by a click and a chirp stimulus are produced by their different spectral shape. To rule out this argument, ABR elicited by the flat-spectrum chirp from Fig.  1 ͑middle panel͒, with a flat amplitude spectrum corresponding to that of the click, are compared to click-evoked responses. Figure 8 shows the corresponding ABR for this chirp for subject CR ͑solid curves͒. For direct comparison, the corresponding click-evoked responses for the same subject ͑re-plotted from Fig. 2 , left panel͒ are indicated as dotted curves. Wave-V amplitudes are much larger for the chirp than for the click. The amplitudes are even larger than for the ''normal'' rising chirp without specific spectral weighting ͑Fig. 2, right panel͒, particularly at the highest stimulation levels. The average data for wave-V amplitude, obtained with the flatspectrum chirp, are plotted as filled diamonds in Fig. 3 . Wave-V amplitude is significantly larger ͑pϽ0.05; Nϭ10͒ for this chirp than for click stimulation for all levels ͑10-60 dB SL͒. However, the difference in amplitude obtained with the flat-spectrum chirp and the original rising chirp ͑cross symbols͒ was not statistically significant.
A similar approach has been earlier described in a study by Lütkenhöner et al. ͑1990͒ . They also generated a rising chirp stimulus with a flat amplitude spectrum where-in contrast to the present study-the course of the instantaneous frequency was estimated from the relationship between the stimulus frequency and the experimentally obtained latency of the corresponding frequency-specific ABR. The authors also found a larger wave-V amplitude with chirp than with click stimulation. However, the differences were smaller than those presented here, particularly at higher stimulation levels.
In summary, the presented data demonstrate that both dispersed timing as well as spectral composition of the stimulus strongly influence the potential pattern. The dispersed timing appears to be the dominant factor.
IV. GENERAL DISCUSSION
A. Stimulus presentation: SL versus peSPL
In the present study, chirps and clicks were presented at the same sensation level. However, the corresponding peakequivalent sound pressure level ͑peSPL͒ at the same sensation level, averaged across subjects, was about 12 dB lower for the chirp than for the click. For example, at threshold ͑0 dB SL͒, the mean ͑and standard deviation͒ of the peSPL was 45.9Ϯ3.7 dB for the click while it was 33.5Ϯ3.6 dB for the chirp. It is unclear which measure is appropriate for ABR. Temporal integration of signal energy involved in behavioral threshold measures probably occurs at more central stages of auditory processing, and is most likely not reflected in ABR. Nevertheless, in many studies the stimuli are presented at the same hearing level ͑HL͒ to investigate potential amplitude in relation to the ͑normalized͒ average hearing threshold ͑0 dB HL͒. The strategy in the present study is thus very similar to the HL measure, but hearing thresholds are determined individually. Whatever the proper calibration for ABR may be, if the responses obtained in the present study were plotted at the same peSPL instead of the same dB SL, the differences in the potential amplitude between chirp and click stimulation would be even larger.
B. Role of wave V behavior-Spectral integration
By applying the derived response technique, Don and Eggermont ͑1978͒ revealed narrow-band contributions to the ABR from specific portions of the BM. They found that nearly the whole cochlear partition can contribute to the brainstem response. In their recordings, the amplitude behavior of wave V, as a function of the central frequency ͑CF͒ assigned to each narrow band, was different from waves I and III, depending upon the frequency range. Don and Eggermont found that for CFs below 2 kHz, the amplitudes for waves I and III drop rapidly as CF is decreased, whereas there is an increase in the amplitude of wave V. Therefore, at low CFs the only clear contribution to the ABR is to wave V. This indicates that the representation of cochlear activity in the various peaks probably is quite different for wave I and III on one hand, and wave V on the other hand ͑Don and Eggermont, 1978͒. Above 2 kHz, the wave-V behavior is the same as for the earlier waves. Thus wave-V amplitude shows a flatter ''frequency response'' than the earlier waves and has an amplitude distribution which is nearly constant over the entire CF range.
By using a synchronizing chirp instead of a click as the stimulus, activity from all cochlear locations can contribute to the amplitude of wave V, which therefore is generally larger than that evoked by a click. This was demonstrated in the present study. Don and Eggermont ͑1978͒ stated that the discrepancy in the behavior of wave V with respect to the earlier waves suggests some sort of neural reorganization at the level where wave V is generated.
3 The sharp initial positive potential is most likely generated by the lateral lemniscus as it enters in the inferior colliculus ͑IC͒, while the slow negative potential following this is likely a dendritic potential of the inferior colliculus ͑Hashimoto, 1982; Jannetta, 1982, 1986; Moore, 1987a . The central nucleus of the IC ͑ICC͒ is a purely auditory processing center; it is the main center for spatial auditory integration receiving most of the ascending information from auditory brainstem nuclei, and it has a curved laminar arrangement of cells, axons, and dendrites ͑e.g., Gummer and Zenner, 1996͒ which leads to an effective response. The convergence of pathways activates a large number of neurons in the IC, the wave-V potential therefore is of rather large amplitude, that obviously results from integration of activity from the whole range of auditory frequencies, and hence includes responses elicited by low-frequency stimulus components.
Interestingly, clear peaks corresponding to the earlier waves I-III could not be observed in the case of the original rising chirp ͑without specific spectral weighting͒ for any of the stimulation levels tested in the present study. This observation was true for all subjects, even if not investigated quantitatively. At the highest levels ͑50 and 60 dB SL͒, the early low-frequency energy of the chirp probably stimulates basal regions of the BM due to upward spread of excitation, producing a response at about 8-9 ms after stimulus onset ͑as earlier mentioned in Sec. III A͒. However, it is not clear how these high-level responses are related to waves I-III. In contrast, we observed that, for the highest stimulation level of 60 dB SL, most of the subjects clearly showed the typical early peaks in their responses to the click as well as to the flat-spectrum chirp. In particular, the potential patterns at this level were very similar for these two stimuli for each subject. Thus it appears that the spectral composition of the stimulus mainly determines the response pattern at high levels.
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C. Assumption of linearity of BM characteristic
The chirp stimuli used in the present study were derived on the basis of a linear cochlea model ͑de Boer, 1980͒. It was assumed that the movements are so small that the fluid as well as the basilar membrane operate linearly. Over the normal range of hearing, the assumption of linearity may be well justified for the fluid ͑de Boer, 1980͒. With regard to the BM, however, its dynamics are certainly more complicated ͑e.g., Rhode, 1971; Ruggero, 1992͒ . At low levels, BM dynamics may indeed be considered as nearly linear. However, at higher levels, nonlinear cochlear mechanics complicate the responses to a frequency-changing signal. Ruggero and Rich ͑1983͒, for example, demonstrated that VIIIth-nerve fibers' phase response changes at high intensities, resulting in two peaks which are 90°out of phase, instead of one peak commonly seen in period histograms. Since our interest in the present study was mainly focused on effects at levels between absolute threshold and about 40 dB SL, the assumption of linearity in the model calculations may be well justified. Also, the predictions of the linear model were primarily used for the correction of the dispersive behavior of the BM, which can be assumed to vary less with level than, e.g., the amplitude tuning characteristic for a certain frequency. Of course, a more general description for an extended level range would need to take nonlinear effects into account. The equations used so far should therefore be considered as a first-order approximation.
V. SUMMARY AND CONCLUSIONS
A chirp stimulus was developed which theoretically produces synchronous discharges of VIIIth-nerve fibers along the length of the human cochlear partition. The equations defining the chirp were calculated to be the inverse of the delay-line characteristic of the cochlear partition on the basis of the linear cochlea model by de Boer ͑1980͒. The stimulus was tested for eliciting ABR. The underlying idea was to determine if units tuned to low CFs ͑below 2 kHz͒ could be recruited synchronously into the brainstem response. It was shown in the present study that, in most level conditions, the chirp evokes a significantly larger wave-V amplitude than the click when presented at the same sensation level. This is the case, although the duration of the chirp is about 10 ms, which is a factor of 125 longer than the click-duration used here. Since at the same sensation level, the peak-equivalent sound pressure level ͑peSPL͒ is about 12 dB smaller for the chirp than for the click, the difference in wave-V amplitude of the ABR recordings would be even larger if the stimuli would be presented at the same peSPL, or at the same peakto-peak equivalent sound pressure level ͑ppeSPL͒. Thus the conventional ABR should not be considered as an electrophysiological event purely evoked by the onset or offset of an acoustic stimulus. Instead, an appropriate temporal organization, determined by BM traveling wave properties, may increase neural synchrony at the level where wave V is generated. The temporally reversed chirp stimulus led to a smaller wave-V amplitude compared to the rising chirp and to the click. This may be due to desynchronized neural activation at the level where wave V is generated, as a result of sequential activation of high-followed by low-frequency fibers. Alternatively, the reduced potential amplitude may also result from cancellation in the ''far-field'' by superposition of wave V from one frequency on wave V from another frequency.
It was observed that not only temporal organization of the stimulus, but also its spectral shape, influences the ABR pattern. The phase characteristic of the chirp, combined with a flat spectral distribution ͑as in case of the click͒, led to a large wave-V amplitude, but also to a more pronounced pattern of the earlier waves ͑at high stimulation levels͒, which is comparable to that evoked by the click. In contrast, responses evoked by the rising chirp without specific spectral weighting did not show clear earlier peaks I-III. This may be due to cancellation of overlapping responses at high stimulation levels where the early low-frequency energy in the chirp stimulates basal regions of the BM due to upward spread of excitation. Alternatively, or in addition, this may also be due to biased frequency representations at the level of the neural generators for waves I-III, while the generator for wave V probably has a flatter frequency response.
The use of the rising frequency chirp enables the inclusion of activity from lower-frequency regions, whereas with a click or a falling chirp synchrony is decreased in accordance with decreasing traveling velocity in the apical region. The rising frequency chirp may therefore be of clinical use in assessing the integrity of the entire peripheral organ, and not just its basal end.
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1 In the official data sheet of the preamplifier, a ''hard-wired'' high-pass cutoff frequency of 30 Hz is given. Unfortunately, we could not replicate this value and found a 3-dB cutoff of 95 Hz. The problem is that this setting will cut out a substantial portion of the wave-V amplitude, which results in smaller responses overall, particularly for responses from lower-frequency stimulus energy. Since the chirp has much of its energy in the lowfrequency region, one can expect that an even larger chirp-evoked wave-V amplitude than observed in the present study will be obtained with a more appropriate filter setting. 2 A larger fall time than 0.5 ms would also attenuate energy at medium frequencies. For example, if a fall time of 1 ms were used, frequencies around 2.5 kHz would be attenuated by about 3 dB. Higher frequencies would be attenuated up to 12 dB more than in the case of the shorter ramp. We think that a 0.5-ms fall time and a 3-ms rise time for the chirp is more than a fair choice for the comparison of chirp and click efficiency in evoking ABR. In addition, in a preliminary study, we performed an experiment where the stimulus consisted of a continuous alternating sequence of chirps: each rising chirp was followed by the temporally reversed ͑falling͒ chirp. Results showed ''peaked'' response patterns whereby amplitude and ͑relative͒ latency of the peaks directly corresponded to those obtained with ''single'' rising chirps. The results further clearly demonstrate the importance of considering the effects of basilar-membrane traveling wave on the formation of the ABR, at least for wave V.
3
In a recent study, Don et al. ͑1997͒ presented a new derived-response measure where the wave-V amplitude of a stacked ABR was constructed by temporally aligning wave V of each derived-band ABR, and then summing the time-shifted responses. They found that the stacked response amplitude can detect small acoustic intracanalicular tumors in patients missed by standard ABR measures. It might be very interesting to compare the stacked wave-V amplitude obtained with the click with the chirp-evoked response amplitude obtained with the ''standard'' derived responses measure. Such experiments are currently in progress to specify the usefulness of the chirp for retrieving frequency-specific information. 4 The orientation of the electrode configuration certainly plays a role in the shape of the potential pattern observed in the far-field. It has been shown that there are differences in click-evoked responses in horizontal and vertical dipole orientations ͑e.g., Galbraith, 1994͒. Wave V is best seen in the vertical channel, while earlier components are well defined in the horizontal channel. Using a spatio-temporal dipole model, Scherg and Von Cramon ͑1985͒ demonstrated a predominantly horizontal orientation underlying waves I-III. These horizontal dipoles appeared to reflect transverse propagation along the auditory nerve to the ipsilateral cochlear nucleus ͑CN͒, and then via second-order neurons crossing the midline to the contralateral superior olivary complex ͑SOC͒. Thus it might be of interest to also investigate chirp-evoked ABR recordings in horizontal dipole orientations.
